Identification of somatic chromosomes of the potato is difficult because of their small size and very similar morphology. Pre-treatment of plant tissues with chemicals such as 8 -hydroxyquinoline or a-bromonaphthalene leads to mitotic metaphases with condensed chromo somes, which can be visualized by conventional staining as small blocks of chromatin. For research purposes it is important to karyotype the somatic cells, e.g. by banding techniques or via in situ hybridization. The urgent need for such techniques has been prompted by the finding of numerical and structural chromosome mutations in callus and suspension cultures as well as in plants regenerated from protoplasts (Creissen and Karp 1985 , Pijnacker et at. 1986a , 1986b , Pijnacker and Ferwerda 1987 , Pijnacker and Sree Ramulu 1990 . The finding of chromosome elimination in triploid cells of hybrids between S. tuberosum L. ssp. tuberosum Hawkes and S.
phureja Juz. et Buk., which incidentally may give rise to S. tuberosum dihaploids with aneuploid cells still containing some DNA from S. phureja (Clulow et al. 1991) emphasizes the impor tance of reliable karyotyping. In situ hybridization using species-specific DNA probes might have the potential to identify each chromosome by specific banding and offers the opportunity to study chromosome elimination. Mok et al. (1974) attempted to identify the somatic chromosomes of potato through a modified Giemsa staining technique. In their opinion the banding pattern resulted from natural condensation of heterochromatin after denaturation of DNA. They observed at prophase, one to five "bands" per chromosome and claimed to be able to identify all twelve basic chromosomes. Using the same technique, Lee and Hanneman (1976) identified in Giemsa stained somatic cells from trisomics of S. chacoense, the extra chromosomes that were previously identified at pachytene. The technique of Mok et al. (1974) , could not be reproduced in our laboratory. Another constraint of this technique is that the centromeres of prophase chromosomes are not visible. Later on Pijnacker and Ferwerda (1984) developed a Giemsa C-banding technique for the identification of somatic metaphase chromosomes.
In tomato, a species closely related to potato, chromosomes can be identified both in somatic cells and at pachytene stages. Based on the size, arm ratios, proportion of chromatic and achromatic parts, all 12 pairs of somatic chromosomes of the tomato were identified by Ramanna and Prakken (1967) . Because of the highly similar morphology of tomato and potato chromosomes, the same traits were used for the characterization of the pachytene chromosomes of diploid (2n=2x=24) S. tuberosum L. ssp. andigena Hawkes (Yeh and Peloquin 1965) and that of diploid S. tuberosum ssp. tuberosum (Ramanna and Wagenvoort 1976 ) and S. phureja (Wagenvoort 1988) . Successful pachytene analysis, however, requires skill, patience and experience, and is very time-consuming. The trisomics of the potato identified by Wagenvoort and Ramanna (1979) , are expected to be ideal tools for establishing morphological concurrence between pachytene and somatic chromosomes identified by Giemsa C-banding or by in situ hybridization. However, the number of the chromosomes in pachytene and that resulting from the analysis of mitotic cells using banding methodologies may not be identical. If a comparison of the systems of chromosome characterization is desired, i.e. the Giemsa C-banding technique or in situ hybridization on the one hand and chromosome identification at pachytene on the other, it is essential to use the same trisomics for both approaches.
If the outcome of identification of chromosomes in a mitotic and a meiotic plate of a trisomic plant is identical, two situations are expected. Probing with a known chromosome-specific DNA clone or Giemsa C-banding, will reveal three chromosomes per cell with a hybridization signal or a specific C-banding pattern in the critical trisomic and two in the non-critical situation. If non-identical numbering of mitotic and meiotic chromosomes is occurring, only two hybridization signals will be observed and an other trisomic than expected on the basis of the pachytene analysis will show three chromosomes with a hybridization spot. The two situations are diagramatically visualized (see diagram). Tandemly repeated DNA sequences such as the ribosomal genes (rDNA) have been suc cessfully detected on the chromosomes through in situ hybridization in a large number of plant species including maize (Phillips et al. 1979 , Mascia et al. 1981 , cereals (Hutchinson et al. 1981 , Mukai et al. 1990 , Leitch and Hes lop-Harrison 1992 , legumes (Ellis et al. 1988 , Skorupska et al. 1989 , Griffor et al. 1991 , tomato (Zabel et al. 1984 , Ganal et al. 1988 , Lapitan et al. 1991 , potato (Visser et al. 1988) and others. In plant cytogenetics, the use of biotin-labelled probes was introduced by Ray burn and Gill (1985) . Unique sequences of human chromosomes as small as 1 kilobase (kb) are detectable with a non-isotopic in situ hybridization technique (Garson et al. 1987 ).
In plants, the legumin gene of the pea, as large as 13.5 kb, is the smallest unique target sequence which until now has been detected on metaphase chromosomes by in situ hybridization using a non-radioactive labelled probe and the light microscope (Simpson et al. 1988) .
In this paper we report the identification of the triplicate mitotic chromosomes in trisomics (already identified before by pachytene analysis) and other cytotypes, after conventional staining, Giemsa C-banding and in situ hybridization.
Material and methods

Plant material
The monohaploids (2n=x=12) used in this study to identify somatic chromosomes were induced using trisomics (2n=2x+1=25) of S. tuberosum ssp. tuberosum cv. Gineke by the S .
phureja haploid inducer IVP35. Probe used for in situ hybridization The clone used for in situ hybridization was the pea ribosomal RNA gene fragment which consisted of a 4.0kb Eco RI fragment subcloned in pAcyc 184 which had been derived from a phage selected from an EMBL3 genomic library of Pisum sativum cv. Rondo (J. P. Nap, personal communication).
Conventional staining of somatic chromosomes Labelling of plasmid DNA Plasmid DNA was either labelled with biotin-11 dUTP or biotin-21dUTP using a nick translation kit from Bethesda Research Laboratories (BRL), or it was labelled with digoxigen in-11 dUTP using a random primer labelling kit from Boehringer Mannheim. The extent of labelling of the probe was checked by spotting labelled plasmid DNA on nitrocellulose and visualizing the labelled plasmids according to the descriptions of the manufacturers. 
Results
Conventional staining of chromosomes
The chromosomes 1, 2 and 12 could be identified in the monohaploid unambiguously in the somatic cells, because chromosome 1 is the longest and chromosome 12 the shortest chromo some of the complement and chromosome 2 carries the weakly stained secondary constriction (nucleolar organizer, NOR) and a darkly stained satellite (Fig. 1) . Table 1 presents the results of the identification of the chromosomes 1 and 2 in various cytotypes using the Feulgen haematoxylin staining. These chromosomes are illustrated in the Figs. 2 and 4. Another landmark for the identification of chromosome 1 is the structure of this chromosome in cells with less condensed chromosomes. It exhibits large blocks of chromatin at both sides of the centromere and has a less condensed and therefore less stained euchromatic region at the distal end of the long arm. Attempts were made to identify the trisomic for chromosome 1, since this trisomic type is lacking in our primary trisomics series (Wagenvoort and Ramanna 1979) . Three specimens of chromosome 1 were identified in five cells from aneuploids containing 27 chromosomes (Fig. 3) . One of the three specimens of chromosome 1 identified in these aneuploids with 27 chromosomes was nearly metacentric whereas the other specimens were sub-metacentric. This difference in centromere position is not easy to explain. In these cells variation of the length of the NORs and the size of the satellite were also observed. The size of the satellite varied even among homologues in the same cell (cf. the satellites of the chromosomes from three different cells shown in the Figs. 4a-c) . A mitotic cell from a monohaploid, in which the satellite of chromosome 2 is absent, is shown in Fig. 5 . The presence of chromosome 2 in triplicate could be unambiguously ascertained in cells of the double trisomic since three chromosomes per cell showed a darkly stained satellite (Fig. 4c) . Giemsa C-banding of chromosomes Table 2 presents the results of the Giemsa C-banding of chromosomes from intraspecific and interspecific trisomics. The chromosomes of the two intraspecific trisomics have been arranged according to their length and specific banding pattern as described by Pijnacker and Ferwerda (1984) . Because the banding pattern was unsatisfactory, a proper identification of all chromosomes was impossible. Chromosomes in the same numbering position are therefore not necessarily concurrent. According to our classification both trisomics contain three specimens of the chromosome designated with f (Figs. 6f, 7f) . It is however not certain whether these chromosomes are identical to chromosome 6 described by Pijnacker and Ferwerda (1984) . Two unsatellited chromosomes 2 are shown in Fig. 6b . Polymorphism for the band on the short Table 3 . Identification of the number of chromosomes carrying rRNA in mitotic cells from intraspecific and interspecific trisomics of Solanum by in situ hybridization using rDNABiot=biotinylated ribosomal DNA and rDNADig=idem but labelled with digoxigenin. StreptavidinHRP and streptavidinAP=streptavidin horseradish peroxidase and alkaline phosphatase conjugate respectively; Anti-DigAP= anti-digoxigenin alkaline phosphatase conjugate
•‚ In addition minor spots on two chromosomes in a few cells.
arm of chromosome 4 was observed in all five cells analysed in the other trisomic. One of the two homologues of chromosome 4 showed a wide band, whereas the other had a very weak band (Fig. 7d) . Polymorphism for the chromosomes 1, 2 and 4 was found. In the cell shown in Fig. 8 , from a chromosome 2-trisomic, one specimen of chromosome 1 (in the centre), probably from S. tuberosum ssp. tuberosum, had an interstitial band in the short arm and no telomeric bands. The homoeologous chromosome, probably from S. phureja, also showed an interstitial band and weakly stained telomeric bands on the short arm. Only two instead of three specimens of chromosome 2, and one instead of two specimens of the chromosomes 3 and 4 could be identified in this C-banded cell. The remaining chromosomes could not be identified. In another chromosome 2-trisomic, also two instead of three chromosomes with banded satellites were observed (Fig. 9 ). In addition, polymorphism for the interstitial band in the short arm of chromosome 4 occurred in this trisomic. Chromosome 10 could not be recognised in an interspecific chromosome 10-trisomic which was previously identified at pachytene.
In situ hybridization
Identification of chromosome 2 in trisomics using heterologous rDNA Table 3 shows the results of the in situ hybridizations using ribosomal DNA. The biotinylated and hybridized rDNA probe could unambiguously be detected on the NORs of two nucleolar chromosomes by the horseradish peroxidase enzyme reaction (Fig. 10) . Similarly, the same probe detected the hybridization spot on the NOR at the distal end of each chromatid of the two specimens of chromosome 2, but in this case following the alkaline phosphatase enzyme reaction (Fig. 11) . Visualization of the spots created by the horseradish peroxidase enzyme reaction was also possible by using reflection contrast microscopy (Fig. 12) . With this visualization procedure, three spots were clearly detected in interphase nuclei from an inter specific trisomic for chromosome 2. These spots represent the NOR regions of the three specimens of chromosome 2 (Fig. 13) . The nucleolar chromosome was also detected through the hybridization of the digoxigenin labelled rDNA probe and the enzyme linked immunoassay for detecting the hybridized rDNA (Fig. 14) . Fig. 14 shows a cell in which two chromosomes show major hybridization spots representing the nucleolar chromosomes whereas two other chromosomes show minor spots. Using this method, two hybridization spots per cell were found in 24 out of 36 cells analysed but chromosomes with minor spots were found in only a few cells. No differences in sensitivity regarding the detection of the NORs were found, independent of ligand or visualization method used. In six different interspecific chromosome 2-trisomics (identity based on pachytene analysis) cells were found with three chromosomes showing a hybridization signal when the heterologous rDNA probe from pea was used (Fig.  15) . This result emphasizes the strength of the in situ hybridization technique for chromosome identification since in one out of the six trisomics analysed the Giemsa C-banding technique failed to identify all three nucleolar chromosomes.
Discussion
The results show that identification of the chromosomes 1, 2 and 12 at mitosis is possible, though only in monohaploid cells and with Feulgen-haematoxylin staining, or with the Giemsa C-banding technique. Since chromosome 1 is the longest of the complement and its structure in somatic and meiotic cells is highly similar, it corresponds with the pachytene bivalent 1. A prerequisite for an accurate identification of this chromosome in somatic cells is that less condensed chromosomes are available. It is less certain that the shortest chromosome in somatic cells corresponds with the pachytene bivalent 12. In meiotic cells at pachytene this chromosome is not always the shortest of the complement. Variation for the length of the NORs of homologues or homoeologues of chromosome 2 as well as the presence of a satellite on this chromosome was found in various cytotypes in this study. The nucleolar organizer chromosomes from two clones, designated IVP35 and IVP48 from S. phureja, were not recognizable using the C-banding technique (Pijnacker and Ferwerda 1984) . The absence of a satellite on chromosome 2 (NOR was visible) in one of the Gineke monohaploids studied suggests that one of the four nucleolar chromosomes of Gineke is an unsatellited chromosome. However, in view of a report by Clulow et al. (1991) , who found aneuploid cells in dihaploids of S. tuberosum ssp. tuberosum, the presence of an unsatellited chromosome from S. phureja in the monoploid plant from Gineke is another possibility since IVP35 was used for induction of monoploid plants from trisomics. Distinction between the two types of chromosome 2 by in situ hybridization using a species specific probe may elucidate the provenance of the chromosomes 2.
In trisomic interspecific hybrids including original trisomics from S. tuberosum ssp. tuberosum and S. phureja (IVP35) only two specimens of chromosome 2 were found using the Giemsa C-banding technique. This result coincides with that reported by Pijnacker and Ferwerda (1984) , who found unsatellited specimens of chromosome 2 in IVP35. These authors could reliably identify the chromosomes 1-4, 7, 11 and 12 using unbanded Giemsa stained chromosomes. The same authors identified directly all 12 metaphase chromosomes after C-banding but the chromosomes 3-12 do not necessarily coincide with the chromosomes as identified through pachytene analysis. Polymorphism for the C-band of chromosome 2 and differences in Giemsa C-banding pattern of chromosomes suspected to be the numbers 1, 3, 4, 5, 8, 9, 11 and 12 compared to that established for monohaploid Gineke has been found by Puite et al. (1986) , Pijnacker et al. (1987 ), De Vries et al. (1987 and Jacobsen et al. (1989) . The polymorphic chromosomes found in this study made it impossible to establish a correlationship between the morphology of somatic chromosomes and pachytene bivalents. Furthermore, from the present study the chromosomes 5-12 could not be reliably identified using the Giemsa C-banding technique.
Ribosomal RNA genes have been found to be highly variable both in copy number and in intergenic spacer length, even among somatic cells of individual plants (Rogers and Bendich 1987) . The difference in length of the NORs found among the trisomics in this study shows that the variation occurs in potato as well. The heterologous rDNA probe also hybridized to the NORs of triploid (2n=3x=27) sugar beet, cv. Monohil (Wagenvoort, unpublished results) . Successful in situ hybridization of the heterologous rDNA probe from pea proved that in potato and sugar beet the transcribed units of the rRNA genes are highly conserved.
Biotin and digoxigenin labelling was found to be a rapid, consistent and reliable technique to detect highly repeated sequences on the relative small chromosomes of potato.
Its value for physical mapping of low copy or unique DNA sequences in these plant species has yet to be established. However, another approach may be to use pachytene chromosomes . As pachytene chromosomes are much less contracted than somatic chromosomes , mapping efficiency and accuracy may be expected to increase substantially using this type of chromosomes as shown already by Shen et al. (1987) and Albini and Schwarzacher (1992) for maize and rye pachytene chromosomes respectively. Whether this is also the case for potato remains to be investigated .
Summary
Identification of the potato chromosomes 1 (the longest one), 2 (the carrier of the nucleolar organizer, NOR) and 12 (the shortest one) is possible at mitosis using a combined Feulgen-haematoxylin staining or a Giemsa C-banding technique. In two aneuploids contain ing 27 chromosomes, three specimens of chromosome 1 were found through conventional staining. Variation of the length of the NORs and the size of the satellite of homologues or homoeologues of chromosome 2 was observed in various cytotypes. Pachytene analysis identified trisomics of chromosome 2 of interspecific origin, involving S. tuberosum L. ssp. tuberosum Hawkes and S. phureja Juz. et Buk., but only two specimens of chromosome 2 could be identified using the Giemsa C-banding technique. However, in six different interspecific chromosome 2-trisomics, three chromosomes per cell were found to show a hybridization signal by non-radioactive in situ hybridization with heterologous rDNA from pea. The high polymorphism of chromosomes observed after Giemsa C-banding made it impossible to bring the identity of the mitotic chromosomes in accordance with the results from pachytene identification in cells containing one triplicate chromosome.
Key words:
biotin/digoxigenin labelled probe, rRNA genes, NORs, chromosome polymor phism, potato trisomics.
